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1. Review the problems & proposed solutions in the 
literature 

The most general SU(3)c x SU(2)l x U(1)y invariant superpotential up 
to operators of dimension 5 is given by, 

W = YpHaLiEj + Yy 11, :(),!), + Y* j H u QiUj (1) 

+fiH u H d + n^HuUHuL, (2) 

+ Ki LiH u + X^ULjEk + X^LiQjDk + \%iUiU 3 D k (3) 

+^f kl Q l Q J QkL k + 4%iUiUjD k E k + K^lQiQjQkHd (4) 

+4f k QiUoEkH d + 4 5) LiH u H u H d (5) 

Let us now discuss this superpotential term by term. 

Equations 1 and 2 are terms which are absolutely necessary in the ef- 
fective low energy theory. Eqn. 1 includes the Yukawa couplings for quark 
and charged lcpton masses. While eqn. 2 contains the so-called \i term, 
necessary to avoid unwanted massless states, and the Weinberg neutrino 
mass operator. The terms in equations 3, 4 and 5 are not acceptable in the 
low energy theory. Eqn. 3 contains the R-parity violating operators. In any 
SUSY GUT, such as SU(5), the last three terms are all generated by the 
SU(5) invariant operator 

1055 D LLE + LQD + UDD. (6) 
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There are strong constraints from the non-observation of proton decay on 
the product \W\( 2 \ 

r{p -> e+7r°) > 10 34 years (7) 

gives 

A (1) A (2) < 1Q -27 (g) 

Equations 4 and 5 are dimension 5 baryon and lepton number violating 
operators. The strong bound on the proton lifetime 

r{p ->• K+v) > 2.3 x 10 33 years (9) 

gives the significant bounds on the k parameters. In particular, 

k 1 ' 2 = j < lO-^GeV" 1 . (10) 
2. Discrete non-R symmetries & mu 

In this section we consider some discrete non-R symmetries which were in- 
vented to address problems of nucleon decay due to dimension 4 and /or 5 
operators. The list of such symmetries includes R parity^^/matter parity 2 
[M 2 ], baryon triality 3 [B 3 ] and proton hexality 4 [Pq]. All three of these 
discrete symmetries are anomaly free. The states in the minimal supersym- 
metric standard model [MSSM] have charges given in Table 1. 



Tabic 1. 
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E 




H d 


M 2 
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1 








B :i 





2 


1 


2 


2 


1 


2 


Pa 





1 


5 


4 


1 


5 


1 



The MSSM is consistent with gauge coupling unification and thus grand 
unification. Note, however, that neither baryon triality, B 3 , nor proton hex- 
ality, Pq, charges are consistent with grand unification. Nor can they be 
made consistent by adding some linear combination of hypercharge. Only 
matter parity, M2, is consistent with grand unification, since it gives the 
same charge to all fields in both the 10 D {Q,U,E} and 5 D {D, L} of 
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SU(5). The Higgs fields don't however come in complete SU(5) multiplets, 
so they must be treated special. We will come back to this issue later. 

Consider the possible MSSM operators up to order dimension 5. In Ta- 
ble 2 we show how they transform under the discrete non-R symmetries. 
Note that only operators with total charge zero are allowed in the super- 
potential. The operators in the upper three lines are all allowed. These 
include all Yukawa couplings, the \i term and the Weinberg neutrino mass 
operator. These are all operators we need in the effective low energy the- 
ory. The next set of operators all violate matter parity and proton hexality. 
Baryon triality, on the other hand, permits all the lepton number violating 
operators, while forbidding the baryon number violating operators. Thus 
all three symmetries prevent rapid proton decay. In addition, the lightest 
supersymmetric particle [LSP] is stable in the case of matter parity and 
proton hexality, but not for baryon triality. Finally matter parity allows 
all dimension 5 operators, while they are forbidden in the case of baryon 
triality and proton hexality. 



Table 2. 





M 2 


B 3 




QUH U , ... 











HuHd 











{LH u f 











UDD 


1 


1 


5 


QLD 


1 





3 


LLE 


1 





3 


H U L 


1 





3 


QQQL 





2 


4 


UUDE 





1 


2 



To summarize, what would we like to do ? 

• Forbid the fj, term perturbatively. 

• Forbid dimension 3, 4 & 5 baryon and lepton number violating opera- 
tors. 

• And do this with a discrete symmetry which is consistent with grand 
unification for quarks and leptons! 
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Let us now discuss anomaly cancelation in more detail. Below we give 
the anomaly coefficients, where At is the coefficient for the SU(i) x SU(i) x 
Zm non-R symmetry. 

4.= !£;=i( 3 -9?o + 9f) (11) 

M = ^U( 3 -^o + € + h(lH u +q Hd ) (12) 

M = \ Ej=i(3 • qfo + 4) + I ' + 9H d ) (13) 

In order to be anomaly free, these coefficients must satisfy 

(^i<i< 3 mod rj) = ^r(A) mod rj) = p (14) 

with 

Tj = [M for M odd; M/2 for M even]. (15) 

When p = the theory is anomaly free. However, when p ^ the anomalies 
are absent due to Green-Schwarz anomaly cancelation. 

We now want to show that a ^-term cannot be forbidden by a discrete 
non-R symmetry. The proof follows by contradiction. Anomaly cancelation 
requires 

A 2 - A 3 = 0mod?j (16) 

or 

\{lH u +qa d ) = Omod rj. (17) 
However, a ^-term is allowed when 

(1h u + q Hd ) = mod M. (18) 

Hence a /z-term is always consistent with anomaly cancelation of a non-R 
symmetry. 

To summarize, 

• M 2 : eliminates Dim 3 & 4, B & L violating operators; LSP stable 

• £>3 : eliminates Dim. 4, B and Dim. 5, B & L violating operators; LSP 
unstable 

• P§ : eliminates Dim. 3, 4 & 5, B & L violating operators; LSP stable 

• The MSSM is consistent with GUTs, BUT B 3 & P 6 are NOT! 

• The p-term is allowed by ALL 
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3. Discrete R symmetries 

Let us now consider discrete R symmetries. In particular, we will focus on a 
simple Z^ symmetry. This section is based on the analysis in the following 
papers. 5-7 An earlier paper 8 also found the same discrete R symmetry. Con- 
sider the discrete Zj^ R symmetry. Under this symmetry, chiral superficlds 
with charge q transform with the phase 

( 7M )« = ex P (^). (19) 

For charge assignments consistent with an SU (5) GUT, we have 

q = Uw, <i5,qH u ,qH d } (20) 

for chiral superfields transforming in the {10,5} representations of SU(5). 
This includes the three families of quarks and leptons. However the Higgs 
multiplets come in incomplete ST/ (5) representations and thus are treated 
separately. We will show later that this is consistent with orbifold GUTs in 
more than three spacial dimensions or heterotic string constructions. The 
charges in Eqn. (20) are for the bosons in the chiral superfields. The chiral 
fcrmions, however, transform with charges q — 1. With this convention, 
gauginos have charge, +1, and the superpotential necessarily transforms 
with charge, +2. 

Given these new charges for the fermions, the anomaly coefficients are 



now given by 

Af= ^E^i(3-^o + ?f)- 3 (21) 

^ = \ Ej=i(3 • qfo + «f ) + Wh u + q Hd ) - 5 (22) 

a? = \ Ej=i(3 • <z? + ef ) + ! • + q Hi ) 11] (23) 

Canceling anomalies then requires 

A 2 - A i = mod V or (qH u +qH d ) =4 mod 277 (24) 
Af - Af = mod rj or | ■ [\{q Hu + qH d ) - 6] = mod rj. (25) 

The general solution to these equations is given by 

TL B M with M = 3, 4, 6, 8, 12 or 24. (26) 

Note, since a ^-term must satisfy the condition 

{qH u + qH d ) = 2 mod M, (27) 



it is forbidden for any 
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It is easy to show that the baryon and lepton number violating di- 
mension 5 operators QQQL and UUDE are also forbidden. Consider the 
constraint equation which follows from allowing Yukawa couplings for both 
up and down quarks. We have 

3gio + q- 5 + qn u + q Hd =^ mod M. (28) 

However, using the result of Eqn. (24) we have 

3 9 io + q- 5 = 0, (29) 

which is inconsistent with having the terms, QQQL and UUDE, in the 
supcrpotential. 

In Ref. 6 we searched for all possible discrete R symmetry charge assign- 
ments to the anomaly constraints in Eqns. (24, 25) satisfying 

(1) /i-tcrm is forbidden; 

(2) mixed gauge-Z^ anomalies cancel, i.e. ^4f< i<3 = p mod 77; 

(3) Yukawa couplings, 10 10 H u , 10 5 H d as well as the neutrino mass 
Weinberg operator 5 H u 5 H u are allowed; 

(4) R parity violating couplings are forbidden. 

The solutions are given in Table 3. 



Table 3. 
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16 
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4. Unique Zf 

Consider now the unique discrete R symmetry consistent with 5*0(10), "Lf. 
From Table 3 we obtain the charge assignments in Tables 4 and 5. 
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Table 4. 51/(5) 





Zf 9io 9B 


9H„ 






1 1 










Table 5. 


50(10) 




z« 


916 = 910 = 95 = 


91 910 


= 9ff„ = 9H d 




1 








Given these charges the possible terms in the superpotential are given in 
Table 6, along with their charge under Xf. Note only terms with charge 
+2 are allowed in the superpotential. The first line in Table 6 includes all 
Yukawa-type coupling terms. 



Table 6. Allowed terms in 
the superpotential consistent 
with have charge +2. 



Operator 


Z|* charge 


QU H u ,... 


2 


Hu H d 





(L Hu? 


2 


U D D 


3 


Q L D 


3 


L L E 


3 


H u L 


1 


QQQ L 





U U D E 





W 


2 



Thus the allowed perturbative superpotential consistent with is 
given by 

W p = Y^HaUEj + Y^HaQiDj + H u QiUj + ^B U UH U L, . (30) 

In general the full superpotential, W, may include non-perturbative contri- 
butions, i.e. W = W p + AW non —perturbative- Note, non-perturbative contri- 
butions to the superpotential can come from gaugino condensates, instan- 
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tons, etc. All such contributions are of the form 

AW np D (W) ■(...), (31) 

since the non-perturbative vacuum expectation value (W)o has charge, +2, 
under Z^. Thus, in general, we obtain 



,1 + 2n 



AW np = exp (-^y-j-^Sj [B + fi H u H d + R^QiQjQkLk + R^ kl U t U 3 D k E k 

(32) 

i.e. where all terms after the pre-factor, (W)o, have charge, 0. Under the 
discrete R symmetry 5 — > 5 + |Ags, where Ags is the Green-Schwarz 
phase. It is this transformation which guarantees that {W)q has charge, 
+2, under Z^. It is important to realize that non-perturbative effects do 
not break matter parity, which is a subgroup of Z^. Thus matter parity is 
a good symmetry of the low energy theory. 

How large can we expect these non-perturbative corrections to be? In 
gravity-mediated supersymmetry breaking we have 

m 3/2 ~ (W) /M 2 Pl . (33) 

Hence we expect from dimensional analysis 

AW np oc B m 3/2 M 2 Pl + m 3/2 H u H d + ^ [QQQL + UUDE] . (34) 

m pi 

Thus we obtain 



A* ~ TO 3/2 (35) 

"13/ 



1/A~ 9^ w 10' 33 GeV- 1 . (36) 



By comparing Eqns. (8 and 36) we see that dimension 5 baryon and lepton 
number violating operators are so suppressed that they are unlikely to 
produce observable effects. To summarize, the discrete symmetry defines 
the MSSM. 



4.1. Heterotic string construction 7 

Let us now discuss an example of the Z^ symmetry obtained in an orbifold 
construction of the E(8) x £'(8) heterotic string compactificd on a 6 di- 
mensional internal orbifold, given by (T 2 ) 3 / (Z2 x Z2) plus a shift by half a 
unit in the upward direction (see Fig. (I)). 7 The orbifold has a non-trivial 
fundamental group, 7r(l) = Z 2 . And there is a Z 2 Wilson line described 
by the blue lines in Fig. (1). The red points show where the three families 
of quarks and leptons sit, in complete 50(10) spinor representations. As 
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Fig. 1. E(8) X E(8) heterotic string compactified on this 6D internal orbifold, given by 
(T 2 ) 3 / (Z2 x Z2) plus a shift by half a unit in the upward direction. 

a consequence of the Z^ symmetry the E(8) x E(8) heterotic string com- 
pactified on this (T 2 ) 3 /(Z 2 x Z 2 ) orbifold is very much like the MSSM. The 
theory has the following properties. 

• It has the exact MSSM spectrum. 

• Supersymmetric vacua satisfying F = D = are found which stabilize 
almost all moduli. At the same time, the moduli vevs give mass to all 
vector-like exotics and extra gauge degrees of freedom. 

• The Z^ symmetry eliminates or suppresses all dangerous baryon and 
lepton number violating operators. 

• l-i = pcrturbatively and /i ~ TO3/2 non-perturbatively. 

• Z^ comes partially from the Lorentz symmetry of the internal dimen- 
sions. 

• The theory has a local SO(10) gauge symmetry at certain fixed torii with 
quarks and leptons coming in complete spinor multiplets. 

• The theory also has a D(4) family symmetry with the lightest two fam- 
ilies in a doublet and the third family and Higgs in a singlet under the 
family symmetry. Soft sequential breaking of the family symmetry can 
accommodate a family hierarchy and suppress flavor changing neutral 
current processes. 9 

• It has gauge-top Yukawa coupling unification. Both the third family and 
Higgs appear in the bulk of an effective SU(6) orbifold GUT. 

• It has non-trivial rank 3 Yukawa matrices. 

• Lastly, the Higgs comes from chiral adjoint of an effective 6D SU(6) 
orbifold GUT. As a consequence, it has been shown 10 that a //-term is 
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generated proportional to {W)q. This is due to the fact that the Kahler 
potential in this case is of the form 

K D - log ((T + f)(Z + 2)- (H u + H d )(H u + H d )) . (37) 

Note, a local U(l) parity breaks the 6D orbifold GUT group SU(6) to 
SU(5). Then the Wilson line breaks SU(5) to the Standard Model gauge 
group. At the same time, the Wilson line gives mass to the color triplet 
Higgs fields, keeping the Higgs doublets massless. In fact, only in orbifold 
GUT theories is it possible to find a discrete R symmetry consistent with 
GUTs for quark and lepton families, while only the Higgs doublets are light. 
This result has been discussed in a recent paper. 11 

5. Singlet extensions of the MSSM 

Let me briefly discuss possible singlet extensions of the MSSM. 
5.1. GNMSSSM 

Consider first adding one new Standard Model singlet, N. The generalized 
non-minimal supersymmetric standard model [GNMSSM] was then shown 
to be consistent with the Zj^ symmetry with M = 4, 8. 6 ' 12 The Zj^ charge 
assignments arc given in Table 7. 



Table 7. SU(5) 
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910 
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1H U 


lH d 
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4 


6 



The superpotential is given by W — W p + AW np with the perturbative 
part- 

W P = W£=° SM + \ N H u Hd + k N 3 . (38) 

And possible non-perturbative contributions given by- 

AW np - to 3/2 M£j + mj /2 N + m 3/2 N 2 + m 3/2 H u H d . (39) 

Note, this model does not have cosmological problems associated with do- 
main walls. 



January 20, 2012 1:8 



WSPC - Proceedings Trim Size: 9in x 6in raby.kmiin'2011 



11 



5.2. Axion compatible solution 

The symmetry Z^ allows for a possible axion solution to the strong CP 
problem. 6 A simple model has two additional Standard Model singlets, 
N, A, with charges given by 



Tabic 8. SU(5) 



qw 


% 


1H U 


lH d 


QN 


IX 


5 


9 


16 


12 


-1 


5 



and superpotcntial 



w = ^- 1 n2h ^ + iL XN *- m 

The second term is needed to generate a vacuum expectation value, 
(N) ~ lO 10 " 11 GeV which then results in a ^i-term with ^ - 10 2 ~ 3 GeV. 
Although it is not as obvious, but the symmetry Z^ is the only one for 
which non-perturbative contributions to the axion mass are small compared 
to the standard QCD contribution to its mass. 



6. Conclusions 

In conclusion, we have found the unique Zf symmetry which forbids dimen- 
sion 3, 4 & 5 operators to all orders in perturbation theory. The ^-term is 
generated non-perturbatively of order the weak scale. We also found a het- 
erotic orbifold realization of the Z^ symmetry. In general we showed that 
there are Z^ 6 8 12 24 symmetries consistent with SU(5) which also accom- 
plish the above results. In an important sense, these discrete R symmetries 
define the MSSM. Lastly we discussed models with additional singlets. This 
included a generalized NMSSM defined by a Z^ 8 symmetry. We also con- 
sidered a model which allows an axion solution to the strong CP problem 
defined by a Z^ symmetry. 
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